A new position sensor has been fabricated which is suitable for detecting the accurate straightness reference of a laser beam. This is achieved by fabricating a four-cell type photodiode inside a Si micro-mesh structure. This sensor does not disturb the direction or the wave front of the reference laser beam as it absorbs only some of the incident photons and transmits the rest down stream. The straightness of ∼1 m structures can be measured with ∼1 µm accuracy at many points by placing the sensors in series.
Introduction
A number of engineering applications require checking straightness or parallelism, for example: building deformation [1] ; straightness accuracy for large boring or milling machines [2] ; alignment systems for physical equipment [3, 4] and for lithography tools [5] ; the reference table of a coordinate measuring machine; and members of large steel bridges. Improved straightness or flatness accuracy are especially needed for large-scale objects. Not only the size accuracy but the shape accuracy of massive structures is required, which is more difficult to measure. There is a dearth of suitable methods and tools for measuring the accurate dimensions of large structures. For measuring building motion, the most popular method is a network of linear variable differential transformers. Each cable transfers compressive or tensile stress to the signal. This signal indirectly measures the building motion. Bennett and Batroney have reported on the use of a laser generated crosshair for measuring the drift or the shifting of floors relative to one another when a building undergoes wind or earthquake loading [1] .
Some straightness references are used for measuring dimensions which are much smaller than the size of the components. The position sensor unit is usually moved along the slide stage obtaining a series of data. In the two-points method, the straightness can be obtained by using a series of pairs of relative displacements between the tool and objective, which are measured at successive pairs of points fed with the distance between the two sensors [2] . The physical reference of a rod or plate requires a longer time to achieve its equilibrium state, whereas the laser beam responds very quickly to environmental changes such as thermal gradients and airborne vibrations, therefore with effective insulation its straightness can be established to a high accuracy in a predictable manner. The method of using a laser beam as a straightness reference is widely used. The displacement is measured by monitoring the relative position to a reference laser beam [1, 3, [6] [7] [8] [9] [10] [11] . The straightness has been measured using an autocollimator [10] , a laser interferometer [12] , a theodolite and other conventional tools according to the size and accuracy to be measured. For measuring flatness, a precise laser reference plane is used by rotating the laser beam [8, 9] . These methods are appropriate when one completed product is the object. All these measurement methods are restricted to a single measuring point. Since all the reference laser beam is absorbed by the bulk photodiode, this results in the end of the straightness reference.
The use of a single laser beam is ideal even for the multi-point straightness measurement in which synchronous signal sampling is required at many points (e.g. alignment of many elements along a straight line [3, 6, 7] ). Beam splitters are conventionally inserted as shown in figure 1(a) . The insertion of beam splitters is not so appropriate since there is a risk of the deflection of the transmitted reference beam due to mis-alignment and beam bending due to the noncubic shape of beam splitters. Only the normal incidence on the accurate cube maintains the straightness of the laser beam. In order to circumvent this refraction problem in the multi-point measurement, placing four bulk photodiodes around the laser beam is proposed to detect the peripheral region of the beam profile [3] . Since the beam center is estimated from the weak beam intensity in the peripheral region, the estimated center position will not be so accurate. We propose a transmission-type position sensor which not only detects the beam center but also transmits the laser beam without refraction or deflection maintaining the straightness of the laser beam. Figure 1(b) shows the setup using the transmission-type position sensor. This sensor realizes the multi-point displacement measurement without any additional elements. The overall performance of the sensing system will be simple and predictable. Conventional sensors are designed to absorb as many as possible of the incident photons, whereas this new position sensor is designed for transmitting the almost incident photons down stream. The higher transmission rate achieves the measurement at more points.
In this study, a new position sensor is fabricated which can exploit the metrological application using the laser beam as the straightness reference. The position sensor is designed to construct a precise reference of the laser beam. The electrical and optical properties are investigated. This sensor is thought to be superior in the feasibility of the multi-point detection for the construction of a simple sensing system.
Design
The position sensor is based on the four-cell type photodiode. By comparing the magnitude of four signals obtained from each cell, the relative position between the sensor and the beam spot is obtained. This sensor is used in the commercially available atomic force microscope systems [13] . In order to realize a high transmission rate, three design possibilities must be considered, as illustrated in figure 1(b).
(1) The first design consideration is to make the position sensor very thin by reducing the depth of the photon absorbing material. Since the absorption of Si is too great to achieve a high transmission rate, the film thickness must be below 1 µm. Dealing with such thin films is not practical. (2) The second design consideration is to use a material with a high transmission rate. Although Blum et al used a-Si and near infra-red light [6] , it is still difficult to realize the compatibility between the photon sensitivity and the high transmission rate using a-Si. In addition, the thick sensor plate still has the deflection or refraction problem. The reflections at the interfaces of the sensor will make another laser spot. The corrugated surface of the sensor device will disturb the wave front. To minimize these possibilities, not only the alignment of the normal incidence but also a flat sensor surface is required. (3) The third design consideration is to make the sensor inside the mesh structure with many holes. Most of the photons are not incident on Si but transmit through the holes without loss. The high transmission rate can be achieved by increasing the size ratio of the through hole to the periodic unit. Since the arrayed through holes can be considered as a grating, diffraction of the laser beam occurs. There is a non-diffracted zero-order beam at the center. In the near-field region of the sensor, Fresnel diffraction is observed superposing many diffracted light beams and the wavefront is complicated. In the far-field region, however, the produced diffracted light beams (having higher diffraction order of ±1, ±2, . . .) separate spatially from the zero-order beam. The wave front as well as the beam center is recovered. Since our object is large, sensors can be placed apart from each other so as to exclude the diffracted beams. In principle, the movement of the up-stream sensor does not influence the signal of the down-stream sensor. The alignment for the incident angle of the laser beam on the sensor surface is not strict. In addition, this sensor does not generate the reflected light down stream, since the photons incident on the thick Si structure are completely absorbed. So, the third design seems to be the most attractive.
Principle
The following is the consideration about the function of the transmission-type grating. Although a one-dimensional grating is considered for simplicity, the consequent results are still valid for a two-dimensional grating. A Gaussian laser beam u(x, z = 0) = E 0 exp{−(x − x c ) 2 /w 2 } is supposed to pass through a one-dimensional grating at z = 0 and propagate up to the region of Fraunhofer diffraction. The positive z-axis direction is taken as the traveling direction of the laser beam. The grating is placed along the x-axis as shown in figure 2 . The profile of the propagated laser beam u(x , z) can be expressed as follows
Here, A is a constant, k is the wavenumber of the incident light. T (x) represents the transmission rate of the grating (1 or 0) as a function of x
a and d are the span of the through hole and the pitch of the grating respectively. n = 0, ±1, ±2 . . . ± N. 2N + 1 is the number of through holes of the mesh. In (1) the integral region is considered as ±∞. This hypothesis is supported when the grating region 2Nd is large compared to the diameter of the Gaussian beam 2w. From the convolution theorem of the Fourier transform, equation (1) is given as a convolution of the Fourier transform of the individual function
Since the Gaussian beam propagates while maintaining its intensity profile, the Fourier transform of u(x, 0) is also that of the Gaussian beam.
The Fourier transform of T (x) is the well known diffraction pattern of a grating consisting of 2N + 1 slits [14]
Equation (5) represents diffracted light beams obtained where a factor of the denominator sin(dkx /2z) becomes zero, giving the condition
λ is the wavelength. The largest peak is the zero-order beam at x = 0 having the magnitude of (2N + 1)a. From (3)-(5), u(x , z) can be expressed as follows
(6) Considering the center peak of F (T )(ξ ) at ξ = 0, the main peak of u(x , z) is obtained at x = x c . Although the beam profile of the zero-order beam changes a little from that of the Gaussian beam, u(x , z) is symmetric to the position of the main peak. The straightness of the center of the reference beam is maintained. The wave front is also maintained, since F (T )(x ) is real.
The value of the diameter of the zero-order beam can be estimated by considering the practical values. The diameter 2w T of the zero-order peak of (5) is obtained as follows. Here, w T is defined by the position of the nearest root to the zero-order peak and satisfies the condition F (T )(w T ) = 0
1. oxidization and anisotropic etching where (2N + 1)d is the size of the grating region and can be considered to be 5 mm. λ is 500 nm. z is 1 m. 2w T is estimated to be 0.2 mm. Since the diameter of the Gaussian beam 2w can be considered to be ∼1 mm, the zero-order beam obtained from (6) will be almost the same with diameter 2w . The straightness of the center of the reference beam is maintained even at the further down-stream sensors provided the grating region is large enough compared to the incident beam diameter. Figure 3 represents the fabrication process. The Si substrate is n-type (100), 5-8 cm, 200 µm in thickness. First, the substrate is oxidized, and the ∼40 µm thick Si diaphragm is fabricated by etching the wafer backside anisotropically. The front side oxide film is then patterned to open the window through which the boron is implanted (100 keV as BF + 2 , 2.0×10 14 atoms/cm 2 ) to make the four-cell type photodiode. The front side oxide film is then completely removed. After the annealing and oxidization, the photodiode diaphragm is patterned as the mesh and the through holes of the mesh are made by reactive ion etching. One more oxidization process is carried out to reduce the leak current due to the surface state at the side wall of the through hole. An aluminum layer is deposited, patterned and sintered followed by the etching of the contact holes for the electrical interconnections. Figure 4 (a) is the fabricated photodiode with a honeycomb mesh structure. The letters printed on the underlying paper can clearly be seen through the mesh. Within this Si mesh, four square photodiode cells are fabricated. There is no breaking point in the Si mesh with 1360 through holes. 2 ) is considered to be 3 mm, the mesh area covers more than 99% of the laser power of the Gaussian beam. Figure 5 shows the typical responses when the laser spot moves across the center of the position sensor. The vertical axis is the difference of the photocurrents obtained from left and right cells. The thick and thin curves are obtained when the laser spots are 1100 and 140 µm in diameter (1/e 2 ) respectively. When the laser spot size is small compared to the mesh pitch, the response curve shows many peaks having a period of 200 µm due to the mesh structure (the following results are obtained from a sensor with a mesh of 200 µm period). When the laser spot size is larger than the mesh pitch, the response curve does not show any peaks, but instead the averaged smooth monotonous curve. The signal changes in the same manner with that of the conventional position sensor. The relation between the difference between the photocurrents and the laser spot position is almost linear at the center region. In order to confirm the maintenance of the accurate straightness reference, the wave front of the light beam which has transmitted through the sensor was investigated. 
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The apparent sensitivity of the Si mesh photodiode (0.13 A W −1 ) is in agreement with the bulk Si photodiode when considering the effective Si area for photodetection. This sensitivity is enough to detect the accurate laser spot position. The photocurrent flows inside the Si mesh structure. Although the mesh structure increases the series resistance, it decreases the parallel capacitance by reducing the effective detection area. The time constant of our sensor is ∼3 µs when the reverse bias is 1 V. This value is same with the commercially available bulk Si photodiode of the same size.
The transmission rate of the fabricated position sensor is constant with the wavelength. The transmission rate is 75% obtained from the power ratio of the transmitted zero-order beam to the initial beam. This transmission rate is easily designed by considering the ratio of the through hole area to a periodic unit size. The shorter mesh pitch will be better since the diffracted light beams separate in a shorter propagation length. We have already constructed a position sensor with a 100 µm pitch Si mesh. The required accuracy for small dimension measurements in large mechanical structures is usually ∼1 µm. Provided such accuracy is achieved, the photon absorption can be reduced. The Si mesh seems to be the design which makes the high transmission rate and the position sensitivity compatible.
To increase the accuracy of the measurement, it should also be considered that the errors are generated by environmental factors causing beam drift or random tremble. Virdee [11] has shown that the straightness reference using a laser beam is accurate to 4 nm over a distance of 0.3 m within thermal enclosures reducing the thermal gradients below 0.1
• C/0.3 m [11] . The experimental results of figure 7(b) imply the possibility of the noise cancellation by monitoring the reference signal obtained from the same laser beam at the furthermost down-stream sensor [15] .
Conclusions
We have developed a new position sensor which achieves an accurate straightness measurement. By combining the transmission-type grating and the four-cell type photodiode, the optical and electrical functions are integrated. The Si micro-mesh structure enables maintaining the direction and the wavefront of the reference laser beam and realizing the position sensor. This function is suitable for the straightness measurement in a large structure which is difficult to achieve by the combination of conventional elements.
